The presence of a single aspartokinase was demonstrated in Rhodospirillum tenue. The enzyme has been purified about 60-fold. No physical association exists in this species between aspartokinase and homoserine dehydrogenase. The general properties of the enzyme are described. Inhibition by L-lysine, by L-threonine, and concerted inhibition by these two end products are regulatory characters which have also been found in many other species. In R. tenue, aspartokinase is also subject to a hitherto not encountered type of concerted feedback inhibition, by L-threonine plus L-methionine. The inhibition caused by lysine can be reversed either by glycine, L-isoleucine, L-methionine, or L-phenylalanine. The concerted inhibition by lysine plus threonine is reversed by glycine, L-isoleucine, or L-phenylalanine, but not by L-methionine, which exerts in conjunction with threonine the independent concerted inhibition referred to above. Addition of single or several metabolites to cultures of R. tenue caused inhibition of growth and reversal of growth inhibition, compatible with the effects observed in vitro on aspartokinase activity. The regulation of this enzyme in relation to that of other bacterial aspartokinases is discussed. 
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In bacteria, aspartokinase (adenosine triphosphate [ATP]: L-aspartate 4-phosphotransferase, EC 2.7.2.4.) is the first enzyme of a branched biosynthetic pathway leading to the formation of L-lysine, L-methionine, Lthreonine, and L-isoleucine from L-aspartate. The regulation of the synthesis and the activity of aspartokinase has been studied in several groups of microorganisms and has been recently reviewed (7, 38, 40) .
In Enterobacteriaceae, the phosphorylation of aspartate is mediated by three isofunctional enzymes which are independently and specifically regulated by one of the end product amino acids of the pathway (5, 20, 31, 33, 37) . Furthermore, it has been shown that in Escherichia coli K-12 two of the three aspartokinases are multifunctional, carrying also homoserine dehydrogenase, catalyzing the third reaction leading from aspartate to threonine (11, 20, 22, 39) .
A different control pattern has been found in other bacterial genera, such as Bacillus (14, 15, ' Present address: Laboratoire d'Enzymologie du C.N.R.S., 91-Gif-sur-Yvette, France. 23), Pseudomonas (5, 27) , purple bacteria (8, 9, 12) , Azotobacter (28), or others (18, 19) . In the cases where the enzymes of these microorganisms have been at least partially purified, aspartokinase was easily separated from homoserine dehydrogenase by chromatography or molecular sieving, showing the absence of multifunctional aspartokinases. In all of these cases except one, regulation of the activity of the aspartokinase is achieved through concerted feedback control by threonine plus lysine. Each of these effectors, when tested singly, is either not inhibitory or exerts its inhibition only at a high concentratiorr. When the two compounds are added together, inhibitions are observed for concentrations which are not inhibitory when the effectors are added singly. Total inhibition can be obtained, which is taken as evidence for the existence of a single aspartokinase. The exception is the aspartokinase from Rhodopseudomonas spheroides, which is not inhibited by any of the end products of pathway, taken singly or in combination (10) . Photosynthetic anaerobic bacteria might have appeared early in evolution, long before aerobic life occurred (36) ; since the pat-tern of regulation of the aspartokinase from Rhodospirillum rubrum (8) Growth conditions. The mineral salt medium described by Cohen-Bazire, Sistrom, and Stanier (6) was used. The carbon source was sodium succinate (0.1%, w/v). Bacteria were grown photosynthetically under anaerobic conditions. Cells were collected at the end of the exponential phase of growth. In the experiments in which repression was studied, the amino acids were added along with the carbon source.
Buffer. The buffer solution used in this work had the following composition: 20 mm potassium phosphate (pH 7.2), 150 mm KCI, 5 mM potassium L-aspartate, 2 mm magnesium potassium ethylenediaminetetraacetic acid.
Enzyme assay. One unit of aspartokinase assayed, as described by Stadtman et al. (33) , is defined as the amount which produces 1 nmole of aspartyl hydroxamate per min. Specific activity is expressed as units per milligram of protein.
Protein determination. Protein was estimated by the biuret method (13) or by its ultraviolet absorption (41) .
Enzyme purification. All purification steps were carried at 4 C. R. tenue cells were harvested by centrifugation at 0 C and washed twice with the buffer solution, and the pellets stored at -20 C until use. A 100-g amount of frozen cells was thawed, suspended, in 300 ml buffer, and sonically disrupted (20 min, 100-w MSE disintegrator). The resulting suspension was centrifuged at 100,000 x g for 60 min at 4 C. Protein concentration in the supernatant fluid (fraction I) was about 30 mg/ml. Most of the nucleic acids were removed by precipitation with streptomycin sulfate (final concentration, 3%, w/v). The suspension was then centrifuged for 40 min at 50,000 x g. This treatment eliminated also part of the pigment. The supematant fluid (fraction II) contained about 25 mg of protein per ml, and the specific activity of the aspartokinase was 20.
Thoroughly ground solid ammonium sulfate was slowly added to fraction II with constant stirring to bring the solution to 20% saturation. The suspension was allowed to precipitate for 15 to 16 hr and was then centrifuged. The inactive precipitate was discarded. The supernatant fluid was brought to 40% ammonium sulfate saturation. The precipitate formed within 4 hr was centrifuged and resuspended in cold buffer (fraction III; specific activity,. 38). There was no aspartokinase activity in the proteins precipitating above 40% ammonium sulfate saturation. Fraction III was then dialyzed overnight against 20 The fractions containing the aspartokinase activity were combined and brought to 50% ammonium sulfate saturation. The precipitate that formed overnight was centrifuged and resuspended in buffer, and the solution was dialyzed against 100 volumes of buffer. The specific activity of the enzyme after this step was 1,000, corresponding to an overall 62-fold purification. The overall yield was about 50%. This fraction (V) could be stored at -15 C for several weeks after addition of 20% glycerol (v/v), without significant loss of the catalytic activity.
RESULTS
Properties of the enzyme. Aspartokinase from R. tenue requires the presence of ATP and Mg2+. However, Mn2+ can replace Mg2+ in the assay system (Table 1) . A similar observation was made with the aspartokinase from Rhodopseudomonas spheroides (10) , whereas the enzymes extracted from Bacillus stearothermophilus (15) and Brevihacterium flavum (32) were reported to be less active with Mn2 . The apparent molecular weight of the aspartokinase from R. tenue was determined by gel filtration on Sephadex G-200 as described by Andrews (1) . A value of 100,000 daltons was estimated from its elution volume, somewhat lower than the mass found for other bacterial aspartokinases (2, 15, 16, 27) . The elution volumes of homoserine dehydrogenase and aspartate-0f-semialdehyde dehydrogenase from the same organism correspond respectively to molecular weights of 65,000 and 77,000 (Fig.  2) . As already noted with other aspartokinases, CTP, GTP, ITP, UTP cannot replace ATP as phosphate donors for the enzymatic reaction (10, 24, 32) . No activity is observed with the following analogues of L-aspartate: D-aspartate, N-methyl-DL-aspartate, DL-threo-and erythro-f3-hydroxyaspartate, succinate, and maleate. Thus, the absolute configuration, the integrity of the amino group, and the substituents of the carbon atom in ,B position seem to be important parameters of the substrate.
End product inhibition of aspartokinase by L-lysine plus L-threonine. As shown in Fig. 3 and 4 , the aspartokinase of R. tenue is inhibited by L-threonine and by L-lysine. LLysine (at 700 AM) and 900 AM L-threonine, respectively, cause half-maximal inhibition. The activity is totally inhibited by an 8 mm concentration of either of these amino acids.
aThe assay was performed with 340 gg of protein from fraction IV. The complete system contained, in a final volume of 1 ml: ATP, 20 mM; MgSO4 or MnSO4, 6 mM; L-aspartate, 10 mM; hydroxylamine, 800 mM; Tris-hydrochloride buffer (pH 8.1), 180 mM; and enzyme. The incubation time was 30 min at 28 C. The shape of the inhibition curves is sigmoidal, indicating homotropic cooperativity.
The two other end products of the pathway, L-methionine and L-isoleucine, produce no inhibitory effects when used singly at 10 mm. Table 2 shows the concerted feedback inhibition observed when L-lysine and L-threonine are added together to the enzyme of R. tenue. ys-ine. The assay was performed plus 500 OM L-threonine inhibits the aspartokinase activity by 86%, whereas the sum of the inhibitions of the two effectors considered individually is only 17%.
End product inhibition of R. tenue aspartokinase by L-threonine plus L-methionine, a novel pattern. The aspartokinase from R. tenue is also subject to a concerted feedback inhibition by L-threonine plus L-methionine, hitherto not encountered in other genera or in other species of the genus (Table 3) . It is important to emphasize here that methionine alone possesses no inhibitory effect on the enzyme.
Reversal of the inhibition of aspartokinase activity. An interesting feature of the regulation of the aspartokinase activity of R.
tenue is the reversal of the inhibition caused by L-lysine by any one of the four following amino acids, two of which are not invdlved in the biosynthesis of the amino acids of the aspartate family: L-methionine, L-isoleucine, glycine, and L-phenylalanine (Table 4) .
Effects of analogues and derivatives of Llysine, L-threonine, and L-methionine on aspartokinase activity. Several compounds structurally related to the three effectors of R.
se activity by Lwith fraction V tsee text). (11) 0.3 55 0.1 (7) 10 70 0.1 (7) 1 50
a The experimental conditions are the same as described for Table 2 . Percentages of inhibition by Lthreonine alone are indicated in parentheses. Methionine alone up to 2 x 10-2 M did not inhibit the enzyme. ine, DL-allothreonine) tested with 200 gM L-lysine, and with various L-lysine analogues or derivatives (L-ornithine, DL-a-amino-e-hydroxycaproate) tested with 300 $M L-threonine. Ethionine is effective in replacing methionine to produce the phenomenon of concerted inhibition with threonine noted above. Concerted feedback inhibition can also be obtained with several combinations of analogues or derivatives, provided one member of the pair is structurally related to lysine, and the other to threonine ( Table 5) .
Protection of aspartokinase against heat inactivation. When heated for a period of 10 min at 50 C, aspartokinase from R. tenue loses 80% of its activity. This loss can be prevented by the presence of 1 mm threonine, lysine, .or methionine, and somewhat less efficiently by 1 mM L-aspartate. Glycine, L-isoleucine, and Lphenylalanine afford no significant protection (Table 6 ).
Kinetic constants: inhibition analysis. Figures 5, 6 , and 7 illustrate the relationships between the catalytic activity and the substrates or magnesium ion concentration. The apparent Km for L-aspartate is 9 x 10-4 M, and for ATP is 3 x 10-3M. Under the conditions of our experiments, there is no sign of cooperativity between substrate molecules.
When ATP is the substrate whose concentration is varied, the inhibition of R. tenue aspartokinase by lysine, threonine, lysine plus threonine, and methionine plus threonine is found to be noncompetitive (Fig. 6) . Except for lysine, which acts as an inhibitor of the mixed type, the same results are obtained when the analysis is made with varying concentrations of L-aspartate as the substrate. (Fig. 7) .
Effects of end products on the growth of R. tenue. Table 7 shows the effects of the different end products on the growth of R. tenue when tested singly or in various combinations. Bacterial growth is totally inhibited when 5 mm lysine or threonine is added to the bacterial culture; at lower concentrations, the prolonged lag caused by threonine may be corre- DISCUSSION The fact that aspartokinase activity can be totally inhibited by high concentrations of either L-lysine or L-threonine suggests strongly that the phosphorylation of aspartate is mediated by a single enzyme in R. tenue. The partially purified aspartokinase is devoid of homoserine dehydrogenase activity which can be clearly ascribed to another protein species. This adds to the data of the literature which show that the pattem of a single, non-multifunctional aspartokinase, the activity of which is regulated by concerted feedback inhibition, is much more widespread among prokaryotic organisms than the pattern of several isofunctional and multifunctional aspartokinases, which has so far been found mainly in Enterobacteriaceae (5) (see reference 30 for two isofunctional aspartokinases, one of which is, however, regulated by concerted feedback inhibition, in B. subtilis).
In photosynthetic bacteria, the methyl ester group of bacteriochlorophyll derives from the methyl group of methionine (35) . It has been shown that in Rhodopseudomonas spheroides threonine inhibits bacteriochlorophyll synthesis by illuminated suspensions; this effect is due to the inhibition of homoserine dehydrogenase, resulting in a decreased methionine synthesis, and as a result, coproporphyrin, a precursor of bacteriochlorophyll, is excreted (12) . One is tempted to speculate and to correlate the novel pattern of concerted feedback inhibition by threonine plus methionine found in R. tenue with its photosynthetic nature. The bacteriochlorophyll content of photosynthetic bacteria is not negligible, being of the order of 25 Mmoles per g of dry cells under conditions of nonsaturating illumination during growth (17) , only an order of magnitude less than the methionine content of many bacteria (29, 34) . It will be interesting to examine the regulation pattern of the aspartokinase extracted from R. tenue grown under nonphotosynthetic conditions.
We have found the concerted feedback inhibition of aspartokinase by threonine plus methionine in R. tenue only. The other photosynthetic bacteria we have examined, Rhodospirillum molischianum, R. fulvum, R. rubrum, Rhodopseudomonas palustris, and R. gelatinosa, all display the concerted feedback inhibition by threonine plus lysine (unpublished data). We have also confirmed the existence of this pattern in Rhodopseudomonas capsulata, where it was discovered (9) , and the absence of any feedback inhibition by threonine, lysine, or methionine, singly or in combination, in R. spheroides (10) . Although methionine does not participate to a concerted effect on the activity of the aspartokinase from R. capsulata, the synthesis of the enzyme is repressed by the presence of methionine in the culture medium. As a result, the growth of this organism, a prototroph in the wild type, is partially inhibited by excess methionine (3) . In contrast with this behavior, the synthesis of R. tenue aspartokinase is not repressed by methionine, nor does this amino acid have an effect on the growth rate of the organism. In both organisms, evolution has produced a different pattern leading to a similar result, whereby methionine can exert a regulatory function.
